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Abstract 
Since Geim and Novoselov’s successful production of high quality graphene, its unique 
properties have found a number of applications. But graphene is not an exotic chemical 
compound; instead, it is a sheet of graphite, one atom think. Before 2008, the only way to 
produce graphene was through successive pealing of graphite with scotch tape until 
graphite flakes as thin as 1 atomic layer were left [14]. This method, known as 
mechanical exfoliation, can only produce very small flakes of graphene, the longest being 
only100μm in length [7]. However in 2008 a new method of growing graphene known as 
chemical vapor deposition (CVD) was discovered [16]. This can produce graphene sheets 
as large as 30 inches [1]. With these extremely large sheets, the need to economically cut 
graphene without altering it’s properties grew. Current methods use techniques 
implemented in microelectronics fabrication. Oxygen-plasma etching is the most 
common method used to pattern graphene, but this method uses harsh chemicals, which 
can negatively alter graphene’s properties. As an alternative, electron microscopes can be 
used to remove unwanted graphene. In this method, the electron beam can be intensified 
high enough to remove carbon atoms form graphene lattice with atomic resolution, but 
this process can also negatively affect graphene. Laser cutting of graphene offers a quick 
and cost effective method of direct patterning graphene, without negatively affecting 
graphene’s properties. We have conducted a study using a continuous wave laser to 
machine graphene into the desired shapes. The success of the cut in graphene was 
determined when an electrical current could not be passed from one side of the cut to the 
other (determining if electrical contact between two regions was severed by the laser). 
 
Motivation 
Graphene: The Wonder Material 
Graphene was first examined for its electrical properties, in the hopes of using it as a new 
material in the construction of field effect transistors. Graphene has demonstrated 
extremely high carrier mobility, which has overcome its relatively low carrier 
concentration, to give a tremendously high conductivity [3], making it a great candidate 
for high-speed electronics. Despite it being transparent, its low resistivity per area makes 
graphene an ideal electrode for touchscreens [1]. Graphene is not completely transparent, 
but rather it has a flat optical absorbance of low energy light at 2.3% [12]. Graphene is 
also extremely strong, with tensile strength two hundred times stronger than steel [11], 
and impermeable to gases including helium. The applications of graphene are far spread 
and impressive, but the ways of cutting and shaping it are limited. Laser machining offers 
a cheap and fast way of patterning graphene without damaging or negatively affecting it.   
This paper will first discuss the 2 most used methods of patterning graphene along with 
some of these methods’ negative effects. The samples used for graphene cutting are 
electro-optical modulators. The production process and of principles used in the 
modulators are then discussed. After this the experimental methods of cutting graphene 
are discussed, and lastly the results are reviewed. 
 
 
 
 
Current Methods of Patterning Graphene 
Currently there exists two methods of patterning graphene, oxygen plasma etching and 
electron-beam lithography, but both of these techniques introduce impurities into the 
graphene. Laser cutting of graphene offers an alternative to these two methods, which 
does not introduce any impurities into the graphene. 
Oxygen Plasma Etching 
The most common method of patterning graphene is a method in which graphene is 
removed via oxygen plasma etching. Oxygen plasma etching is a common process for 
cutting graphene sheets into the desired patterns [5], because nanofabrication facilities 
implement this process in silicone wafer production. Oxygen plasma etching is most 
commonly used in a process called plasma ashing, where oxygen plasma is used to 
remove leftover photoresist residue from a wafer. With the patterning of graphene, the 
oxygen plasma removes the graphene itself, not the photoresist.  
Oxygen plasma etching begins with graphene, either exfoliated from bulk 
graphite or grown via CVD, which has been transferred onto a substrate. A process 
known as photolithography is done, which covers up the graphene where it is desired and 
leaves the rest exposed.  Photolithography begins with applying a uniform layer of 
photoresist to the graphene, normally by spin coating. Next a photomask is aligned over 
the sample and UV light is shone through the photomask altering the photoresist below. 
A photomask is an opaque material with transparent portions that create a pattern when 
light is shone through it, much like a projector slide. The UV light chemically alters only 
the exposed photoresist, changing its solubility to a solvent known as the developer. With 
positive photoresist, the photoresist exposed to the ultraviolet light becomes soluble to 
the developer. With negative photoresist, the opposite effect happens, and the developer 
removes the photoresist not exposed to ultraviolet light. After the unwanted photoresist is 
dissolved, the pattern of the photomask has been transferred the sample, and the 
photolithography is complete. The sample is ready for etching.  
Oxygen plasma etching begins by placing the sample in a vacuum with a pressure 
of around 5mTorr. Oxygen gas is then introduced into the chamber and exposed to high 
power radio waves, which disassociate the O2 molecules into monoatomic oxygen. These 
atoms then bond with some of the carbon atoms forming a gas, which leaves the 
substrate. After a set time all the exposed graphene is removed, leaving behind the 
graphene in the desired pattern. Lastly the photoresist is removed with an acetone wash. 
            Currently oxygen plasma etching is the most common process used to pattern 
graphene, including the optical modulators made in Professor Schibli’s lab [9], but it can 
have negative effects on the quality of graphene. This process is very useful for 
patterning graphene because features as small as 10 nm can be formed when using 
extreme methods such as electron-beam lithography [7] or a block-copolymer to form the 
mask pattern [2]. However oxygen plasma etching causes some damaging effects to the 
graphene [2,3,5]. The polymer resist or the process of plasma etching itself may introduce 
charge impurities in graphene, which act as dopants [2]. In an experiment with suspended 
graphene, the contact leads were made by thermal evaporation followed by a liftoff of the 
photoresist in a warm acetone bath [3], which is similar to the removal process of the 
resist in oxygen plasma etching. Bolotin et al. note that the production process introduces 
defects in the graphene, which decrease graphene’s electron mobility. They were able to 
increase the electron mobility of suspended graphene by as much as 10 times by current 
annealing the samples to remove impurities. This effect has only been observed in 
suspended graphene, leading Bolotin et al. to conclude that the defects limiting current 
flow must also be trapped between the substrate and the graphene [3]. 
Electron Beam Lithography 
Electron-beam lithography is also used to etch graphene; however, these systems are 
extremely expensive and inefficient, making this process unusable for large-scale 
fabrication. Typically, a resist material is applied similar to the process of 
photolithography. Similar to photolithography, the resist is developed with exposure to a 
focused electron beam from an electron microscope. The electron beam alters the resists 
solubility to the developer, identical to the role of UV light in photolithography, but with 
much higher precision. The sample is then immersed in a developer, which removes the 
soluble resist creating the desired pattern of exposed graphene. The sample is then 
normally dry etched with oxygen plasma. Electron beam lithography is normally 
implemented in the production of graphene nanoribbons, which use quantum 
confinement in attempts to engineer a bandgap [4]. The smallest features that can be 
formed with electron-beam lithography are around 10nm [8]. However, with overetching, 
a process in which the sample experiences prolonged exposure to oxygen plasma, smaller 
minimum features can be formed, but with unpredictable results [2].  
Electron microscopes can also be used to directly ablate graphene when the 
electron beam reaches high enough intensities [2,6]. The process can be accomplished by 
using either transmission electron microscopy or scan tunneling microscopy. With a 
scanning tunneling microscope, applying a large constant bias potential ablates graphene. 
If the scanning tunneling microscope first images the graphene, the crystallography can 
be determined. The graphene can then be cut along a crystallography line to produce 
ultra-smooth armchair graphene edges [2]. Graphene can also be ablated through 
focused-beam irradiation using a transmission electron microscope at room temperature. 
The graphene edges produced are stable and do not alter over time. The current density 
hitting the sample to remove graphene was estimated to be ~0.3pA/nm2 with a beam 
exposure of about 1 sec/nm2 [6]. Both methods use an intense beam of electrons to 
remove graphene, and nanometer resolution has been achieved using a scan tunneling 
microscopy. However, these systems also introduce impurities into the graphene. 
Laser machining of graphene offers an alternative to these methods of machining 
graphene, which does not add any impurities. Relatively little research has been done on 
the effectiveness of using concentrated light to ablate graphene, most likely because the 
processes of oxygen plasma etching and electron beam lithography machinery are 
available in nanofabrication facilities. However, laser ablation offers a way of patterning 
graphene without the process of adding and removing polymer resist. [2] and [5] report 
that the process of adding and removing a photoresist damages the electrical properties of 
graphene. Laser ablation offers a new avenue of patterning graphene in which nothing is 
done to the surface of graphene that remains. Laser machining in this experiment was 
conducted on graphene on the surface of optical modulators. The optical modulators 
could be fabricated, after which a pristine graphene sheet is added to the surface and laser 
machined, producing a final product incorporating very pure graphene. In this production 
method the graphene is never subjected to any resist addition or removal processes, 
which could improve the modulation capabilities of the device. 
 
Background 
Graphene modulators 
The graphene being cut in this experiment is part of electro-optical devices. These 
devices are referred to as graphene modulators. A diagram of the modulator’s structure 
and a microscope image of two are shown in figure 1 below. These devices are 
implemented inside of lasers as one of the mirrors making up the cavity. With the 
application of a gate voltage these devices change the optical absorbance of graphene, 
which effectively alters the reflectance of the graphene modulators. The alteration of the 
reflectance of one of the mirrors inside a cavity allows for the energy inside the cavity to 
be modulated. However, this is not the traditional way of modulating the energy inside an 
optical cavity. Instead, the power being put into the gain medium can also be modulated 
to tune the energy inside the cavity, but the speed, at which the gain medium can 
modulate the energy inside the cavity, has an inherent limitation. There is a relaxation 
time associated with the radiation emission of a gain medium on the order of 
milliseconds. This means that varying the gain medium power cannot damp unwanted 
fluctuations in cavity energy that occur above 10kHz. Graphene modulators can vary 
their reflectance at frequencies up to150MHz, depending on the size of the modulator. 
This allows for much faster cavity energy modulation than traditional methods.  
With mode-locked lasers the graphene modulators can affect the carrier-envelope 
offset phase. The electric field composing the pulse can be represented as a sine wave, 
known as the carrier. The shape of the pulse is given by another function, known as the 
envelope function. The two functions are multiplied together to give the pulse. If the peak 
of the envelope function is converted to a phase relative to the carrier sine wave, then a 
relative offset phase between the two is the carrier-envelope offset phase. In a mode-
locked laser there is typically a single pulse circulating inside the cavity. Every time the 
pulse hits the output coupler, a fraction of the pulse is transmitted, creating an outputted 
pulse. The relationship between the peak of the envelope and the sine wave typically 
changes with each round trip of the pulse inside the cavity, which causes the carrier-
envelope offset phase to change with each pulse. Due to nonlinearities inside the cavity, 
this phase is very sensitive to energy inside the cavity. If the graphene modulator 
modulates the energy inside the cavity correctly, this can reduce the change in the carrier-
envelope offset phase between pulses. Below is a discussion of the fabrication and 
operational principles of these graphene modulators. 
Fabrication of modulator Structure 
CVD Graphene 
The CVD process yields graphene films with large enough area to construct devices 
such as optical modulators. Although Graphene was first produced by Geim and 
Novoselov in 2004 by a process known as mechanical exfoliation, the area of these 
graphene flakes were very small (10μm in diameter) [14]. For graphene to be 
implemented in the optical modulators used in this experiment, the diameter of the 
graphene needs to be equal to or greater than the beam diameter of the laser, which 
the modulator is used in. Graphene of arbitrarily large area can be grown on a metal 
substrate in a process known as chemical vapor deposition (CVD). In [16] the 
process is described. Many metal substrates can be used in the process, but the two 
most common are nickel and copper.   
The process of growing graphene begins by annealing nickel in a H2 
atmosphere at 900-1000°C. Methane (CH4) is then introduced into the environment 
as a source of carbon. The methane decomposes, creating carbon atoms on the 
surface of the Ni. With Ni the carbon atoms are dissolved into the bulk. Upon 
cooling, the solubility of carbon in Ni decreases, causing the carbon to precipitate 
from the Ni onto the surface, forming graphene. Zhang et al. attribute graphene 
multilayer grown on Ni to the amount of carbon absorbed by the Ni and the 
boundaries of nickel polycrystalline. Figure 2 below demonstrates how the grain 
boundaries in the polycrystalline structure (of nickel) form sights for formation of 
multilayer graphene. Nickel is a good substrate for forming multilayer graphene, but 
the modulators require uniform monolayer graphene. 
 
Figure 1, The formation of graphene on nickel substrate, taken from [16], The carbon 
precipitates from the bulk Ni to the surface, where it bounds with carbon atoms to form 
multilayer and single layer graphene. The percent of multilayer graphene depends heavily 
on the amount of carbon dissolved in the Ni. 
 Zhang et al. uses a process to form CVD graphene on Cu identical to Ni. The 
process also starts by annealing in a kiln and adding methane to introduce carbon 
into the environment. When using copper in the CVD process, Zhang et al. yielded a 
1 cm2 sheet of graphene, which was composed of >95% monolayer, 3-4% bilayer, 
and <1% multilayer graphene. The large percent of monolayer graphene deposited 
on surface is due to the property that Cu dissolves very little carbon. Cu instead acts 
only as a catalyst in the process, decreasing the ΔG of formation, making the 
deposition of graphene on the surface spontaneous. When the Cu surface is covered 
by graphene, there is no catalyst exposed and the reaction stops. The process is 
displayed in figure 2 below [16]. 
 
Figure 3, taken from [16]. With Cu, growth of graphene only occurs on exposed Cu. 
When it is covered, graphene stops forming, and there is little carbon dissolved in 
Cu to precipitate out upon cooling to form multilayer graphene. 
Graphene grown by CVD is currently the best large monolayer sheet 
production method. To prepare the graphene for transfer to an arbitrary substrate, 
a thin layer of polymethyl methacrylate (PMMA) is applied to the graphene, which 
supports the lattice. Then the copper film is dissolved with an etchant, leaving only a 
PMMA supported graphene sheet in solution. After the graphene is washed in a 
series of di-ionized water baths it is applied to the modulator. 
Construction of Graphene Modulators 
The optical modulator has the structure shown in figure 3, and the process of their 
fabrication in outlined in [9]. The modulators begin with a substrate, such as glass, 
silicon, or sapphire. A thin adhesion layer of metal (20 nm), either titanium or 
nickel, is deposited on the substrate using thermal evaporation. Next a 100nm layer 
of metal, such as gold, silver or Aluminum, is deposited via thermal evaporation. 
This layer acts as the mirror in the modulator structure and also the backgate 
electrode for applying voltage. A layer of tantalum pentoxide is deposited on the 
mirror using dc reactive magnetron sputtering [9]. The tantalum pentoxide acts as 
an insulator between the graphene/top gate electrode and the backgate to keep the 
device from short-circuiting. The graphene (with a PMMA backing) is then laid onto 
the surface of the modulator. These are the layers present to the laser light incident 
on the modulators. 
  
Figure 3 (Top) A side view of the graphene modulator structure. (Bottom) 
Microscope image of graphene modulators made with gold. Each is an individual 
modulator. The area inside the ring is used as a mirror inside the cavity, and the 
entire beam fits inside of this circle. 
The top gate electrode must then be deposited on top of the graphene to 
supply the voltage across the graphene. This is done in a process known as liftoff [9]. 
First a positive photoresist is applied. A photomask is aligned with the surface and 
the substrate and mask are exposed to UV-light. The exposed resist is removed with 
a developer, exposing parts of the substrate, which will be covered with a top gate 
electrode. A layer consisting of a 20nm Titanium wetting layer followed by a 200 nm 
layer of the same species as the backgate is deposited onto the surface of the 
modulators, including exposed regions of the graphene. The resist, along with the 
metal layer on top of it, are removed or ‘lifted off’ from the modulator with the 
developer. This exposes all graphene that is not covered by the topgate electrodes. 
The modulators are complete, except for the patterning of the graphene. 
The backgate and graphene now form a capacitor, with the tantalum 
pentoxide as a dielectric between. The maximum modulation speed of the 
modulators is limited by this capacitance, and removing the area of one of the plates 
by etching the graphene away lowers the capacitance. 
The current method of removing the excess graphene is oxygen plasma 
etching. To remove the excess graphene, another photoresist layer is applied. The 
photoresist is developed exposing all unwanted regions of graphene, which are then 
removed via oxygen plasma etching. The samples used in this experiment did not 
undergo this final graphene-etching step. Instead the process of laser patterning 
was tested on these samples. 
 
 
Operational Principles of Graphene Modulators 
The difference between a typical mirror used in a laser cavity and the graphene 
modulators described above is the modulators ability to modulate its reflectance 
with the application of a voltage. This property arises from a unique property of 
graphene. Either n-doping or p-doping graphene lowers its absorption to light. This 
property is owed to graphene’s unique band structure. 
Graphene’s Band Structure 
Graphene has a relatively unique band structure, which yields itself to very useful 
applications in optics. Each carbon atom is bonded to three other carbon atoms in a 
plane, with each bond a 120° apart from each other. This bond angle gives graphene 
its honeycomb lattice structure. Carbon has four valence electrons. Three valance 
electrons are bonded in sp2-hybridized carbon-carbon bonds, and do not play a role 
in the conductivity of graphene. The forth electron is held in a 2pz orbital, with the 
lattice plan serving as the nodal plane, and a axis of symmetry perpendicular to the 
lattice plane. Graphene owes its interesting electrical band structure to this electron. 
There are two of these electrons per unit cell (which is a benzene ring). The two 
bands which hold these electrons will be denoted as the π and π* band.  
The Band structure of graphene was derived in 1947 by Phillip Russel 
Wallace [15] in 1947, and later improved on to its current form by Neto et al. [13]. 
The electron energy-momentum relation is stated in [12] as:  
𝐸± = √3 + 𝑓(𝒌) − 𝑡
′𝑓(𝒌) 
where                   𝑓(𝒌) = 2𝐶𝑜𝑠(√3𝑘𝑦𝑎) + 4𝐶𝑜𝑠(
√3
2
𝑘𝑦𝑎)𝐶𝑜𝑠 (
3
2
𝑘𝑥𝑎).                            (1) 
The vector k represents the k wave-vector of the electron, where ky and kx represent 
the x and y components. The variable a=1.42Å is the bond length of a carbon-carbon 
bond in graphene. The plus subscript denotes the π* upper band and the minus 
subscript denotes the π lower band. The variable t (≈2.8eV) represents the energy 
for an electron to jump from an atom to it’s nearest neighbor, which lies on the 
adjacent sublattice. The variable t’ (≈0.1eV) represents the energy required for an 
electron to hop from an atom to another atom on the same sublattice, which would 
be the next-nearest neighbor. When t’= 0eV, then the band structure is symmetric 
about the zero energy; however, a nonzero t’ breaks the hole-electron and π- π* 
band symmetry. [13] The band structure of graphene is show in figure 4 below. The 
allowed states if the electrons constitute the surface of graph shown in figure 4. 
 
 Figure 4 Electronic band structure of graphene. The red portion of the graph and 
above is the conductance band of graphene. The purple/blue portion and below is 
the conductance band. The two bands touch at the K and K’ points. 
The interesting property about graphene’s band structure is its shape around 
the points where the conductance band and the valence touch, which are referred to 
as the K and K’ points. Because the two bands touch but do not overlap, graphene 
has no energy gap between the conducting and valence bands, making it a zero 
bandgap semiconductor.  
As shown in the blowup in figure 4, the region where the bands touch at the 
Brillouin zone has a linear relationship between the momentum and energy of the 
electron. Wallace gives an interpretation of this linear relationship by Tailor 
expanding around either a K or K’ point. By taking k=K+q (or k=K’+q), assuming 
that |q|<<|K|, the Tailor expansion of  (1) yields [13]: 
𝐸± ≈ 𝜈𝐹|𝒒| 
 
 (2) 
Where 𝜈𝐹 =
3𝑡𝑎
2
. Neto refers to vF as the Fermi velocity, which is 1x106m/s, about 
300 times less then the speed of light. Neto states this is a striking difference from 
the standard result of 𝐸(𝑞) =
𝑞2
2𝑚
 (where m is the electrons mass), the standard 
kinetic energy-momentum relationship. So unlike most cases where 𝑣 =
𝑘
𝑚
= √
2𝐸
𝑚
 
and v is proportional to the square of the energy, the velocity of conducting 
electrons in graphene are completely independent of k for energies up to about 4eV. 
This implies that the electron acts like a massless particle such as a photon, which 
has a constant speed for different energies [13]. This means that for low energies 
electrons in graphene act as Dirac fermions, which can be modeled by the Dirac 
equation. 
This linear regime gives graphene its flat optical absorbance of light across different 
energies. The density of states scales linearly with energy up the valence band to the 
Fermi energy (EF), which sits at the level of the K points in undoped graphene. This 
property and the symmetric shape of the cones give an equal probability of 
absorption of photons in a large range of energies. 
 
 
Tuning the linear absorption of graphene 
Optical absorption of graphene can be tuned by shifting the Fermi energy of the 
conductance electrons in graphene [9]. This can occur when the Fermi energy is 
shifted to a more positive energy, up into the conductance band, or when the Fermi 
energy is shifted to a more negative direction, into the valence band. Dopants 
introduce more of one of the charge carriers and reduce the amount of the other, 
and doping can significantly shift the Fermi energy. n-doping increases the number 
of negative charge carriers, which fills states in the conductance band, pushing the 
Fermi energy up to a more positive value. p-doping increases the number of positive 
charge carriers, which decreases the number of electrons in the valence band, 
causing the Fermi energy to lower in energy. Below in figure 5, undoped, p-doped 
and n-doped electronic band structures are shown.  
 
Figure 5 The dependence of photon absorption on the Fermi energy and doping. 
(Left) The undoped graphene has electrons populating states up to the K point. 
These electrons can be excited by a photon with equal probability, giving graphene 
its flat optical absorbance. (Middle) In strongly p-doped graphene, electrons do not 
occupy the top of the valence band. There is no allowed transition for energy 
increase of 
ℎ𝜈
2
< |𝐸𝐹|, so photons pass through the graphene. (Right) In strong n-
doped graphene, the bottom of the conductance band is filled with electrons. This 
means that electrons in the valance band cannot be excited to these states because 
they are already occupied. 
The emptying of the top of the conductance band by n-doping causes photons 
with energy 
ℎ𝜈
2
< |𝐸𝐹| to pass through the graphene with very low probability of 
being absorbed. In spontaneous photon absorption by an electron, the photon does 
supply a momentum kick to the electron, but this momentum increase is very small 
in comparison to the electron’s initial momentum, and is negligible. Thus, in the 
absorption of a photon, the electron experiences an increase in energy equal to hν 
while it’s momentum remains constant. The vertical arrow on the left in figure 2 
represents this process. Only this vertical excitation to an unoccupied energy state 
in the conductance band with the same momentum and hν increase in energy is 
allowed. An angled arrow would represent a large change in the electrons 
momentum from a photon, which would violate conservation of momentum. When 
the graphene is strongly p-doped, the allowed states at the top of the conductance 
band cone above the Fermi energy become unpopulated.  Thus photons with energy 
ℎ𝜈
2
< |𝐸𝐹|cannot be absorbed, because an excitation of an electron below the Fermi 
energy is not allowed. This p-doping can be induced chemically or electrostatically, 
as in the modulators.  
Conversely the absorption of graphene can be reduced by strong n-doped. 
With n-doping the conduction band begins to fill and the Fermi energy becomes 
more positive. Thus photons with energy 
ℎ𝜈
2
< |𝐸𝐹| cannot cause an excitation 
because the electron would be excited to a state which is already occupied, breaking 
the Pauli-exclusion principle. This is a process known as state blocking. As with p-
doping, n-doping can be chemically or electrostatically induced. The effect of the 
Fermi energy on absorption at different photon energies is shown in figure 6 below. 
 
Figure 6 from [10]. The top plot shows graphene’s flat optical absorption. Center 
plot shows an increase in transmittance for energies less than .5| EF|. Bottom plot 
shows near 100% transmittance for energies less than | EF|. 
Tuning of Optical Absorption in Graphene modulators 
The modulators use both n- and p-doping induced by an electric field to 
modulate the absorbance of graphene in the modulator structure. The structure of 
the modulator with a voltage applied is shown in figure 7. The graphene and the top 
gate serve as one side of a parallel plate capacitor and the backgate serves as the 
other side of the capacitor. The voltage on the graphene/topgate is positive, this 
removes electrons from the graphene. This empties the top of the conductance 
band, effectively p-doping the graphene, which lowers the Fermi energy of the free 
electrons in the graphene, which makes it more transparent. When the voltage is 
negative relative to the backgate, electrons are added to the graphene. This fills the 
conductance band raising the Fermi energy, which makes the graphene more 
transparent. 
 
Figure 7 Doping of graphene by the application of a external voltage. The voltage 
either removes electrons from the graphene, which p-dopes the graphene (positive 
voltage relative to backgate), or n-dopes graphene by adding electrons (negative 
voltage relative to backgate) 
The application of the voltage thus lowers the absorbance of graphene, making it 
more transparent. This allows more light to reflect off the mirror, increasing the net 
reflectance of the modulator. This demonstrates how the modulator uses voltage to 
modulate its reflectance and thus modulate the energy in the cavity. 
Experimental Methods 
Overview 
After the modulators are made by Chien-Chung Lee in the nanofabrication facility, 
they are ready for laser machining. The laser used in the experiment is a 405nm 
continuous wave (CW) laser. The experimental apparatus for laser ablation is 
represented in the block diagram in figure 8A. The diagram in figure 8B represents 
the parts essential to cutting. Settings that cut graphene without damaging the 
substrate were determined in the experiment. However, a third factor was indirectly 
effects these settings, the distance between the lens and the surface of the 
modulator sample. At the focal distance from the lens, the beam is focused into the 
smallest possible radius, known as the beam waist. The sample must be placed as 
close to the beam waist as possible to reach optimum cutting parameters. The 
sample is shown at the beam waist in figure 8B. Measurements of the beam 
diameter were taken at different distances from the lens to determine the position 
of the beam waist. The sample was then placed at the beam waist. Following this 
process, test cutting was conducted on the samples, to determine the optimum 
cutting parameters. Graphene was determined cut when the modulation depth 
inside the domain traced by the laser dropped to zero. With the modulation depth 
uniformly zero across a domain, this implies that electrical conductivity across the 
path traced out by the laser had dropped to zero. This determines whether the 
graphene has been cut. 
 
Figure 8 (A) Diagram of the cutting apparatus used in the experiment. The sample is 
mounted on the stage so that it can be moved for cutting. Two parts of the apparatus 
will be discussed in detail below, the autofocusing apparatus (in the green box) and 
the Imaging apparatus (in the blue box). (B) The parts of the apparatus essential to 
cutting graphene. The lens is moved by to place the sample’s surface at the beam 
waist. 
Modulation depth measurement 
Modulation depth is a measure of the change in the insertion loss of the modulator 
as a function of applied gate voltage. Assertion loss is the optical power lost by 
inserting a device into an apparatus. The apparatus for measuring the modulation 
depth is shown in figure 9 below. The laser used to measure the modulation depth is 
a CW laser at the same frequency as the lasers in which the modulators are used, 
1.55μm. The laser light incident on the modulator is reflected and sent into a 
photodetector. The photodetector outputs an AC signal, which is sent into two ports, 
as shown in figure 9. One port has a slow analog to digital converter (ADC). This 
effectively gives a time average of the signal from the photodetector. This is The DC 
component of the signal (the DC measurement). From this the average insertion loss 
and reflectance of the modulator can be calculated. The photodetector is also 
connected to the lock-in amplifier input (referred to as the AC input). This input is 
designed to measure the component of the photodetector’s signal at the frequency 
and phase of the lock-in amplifiers reference output signal (AC signal) while 
rejecting all other components of the photodetector’s signal. The lock-in amplifier 
gives this measurement as a peak-to-peak voltage (the AC measurement), which 
represents the component of the AC input at the frequency and phase of the AC 
signal. The graphene modulator is driven with the lock-in amplifier’s reference 
signal. Thus the AC value represents the change in light intensity reflected off the 
modulator due to the reference signal of the lock-in amplifier that drives the 
modulator. This AC measurement divided by the DC measurement (times 100%) 
gives the change in insertion loss (known as modulation depth at) the given drive 
voltage. The modulation depth can then be divided by the peak-to-peak modulator 
drive voltage to give the % modulation depth per drive voltage (Vpp), which are the 
stated units of the modulation depth plots in the results section.  
The sample is moved around by two stages to measure the modulation depth 
at different positions to form an image of the modulation depth. The laser beam spot 
size of the laser used is ~5μm and thus the area of modulation depth measured at 
one time is >5μm. To measure the modulation depth over the whole modulator, the 
modulator is moved in steps (of 2μm or larger) by two linear stages, from which the 
modulation depth is combined with the coordinate positions to form an image 
(figure 20). 
 
Figure 9 The layout of the modulation depth apparatus. The photodetector output 
has an AC and DC component. The AC component of the photodetector output at the 
frequency and phase of the lock-in amplifier’s AC reference signal is measured along 
with the DC component. The AC component is divided by the DC value to give 
modulation depth. 
The modulation depth as a function of drive frequency was also measured. 
This was accomplished by using a lock-in amplifier which swept the reference 
frequency either from 0.1Hz to 100KHz or from ~100KHz to ~180MHz to measure 
the modulation depth as a function of frequency. This spectral response of a 100μm 
modulator can be seen in figure 10 below. This graph was fitted to find the -3dB 
point of the device, which with this device is 154MHz. 
 
 
Figure 10 taken from [9]. Graph shows the -3dB point of the modulator. It was fit 
with the red line to find the -3dB point. 
The -3dB point is of particular interest in this experiment, as the goal of the 
experiment is to minimize the rolloff frequency (-3dB point) of graphene 
modulators, which were laser ablated. The rolloff point is due to the structure of the 
modulators themselves. The graphene and bottom gate act as two parallel plates in 
a capacitor, creating a small capacitance. The resistance between the contact leads 
and the graphene creates a small resistance. The product of these values gives the 
RC time constant, and the inverse of this value is the theoretical rolloff frequency of 
the device. Thus the smaller the effective area of the graphene electrically in contact 
with the top electrode, the lower the capacitance and the lower the rolloff 
frequency. Thus a goal of the laser ablation technique is to cut as close to the top 
electrode as possible to maximize the frequency response of the device. 
Beam Focusing 
As stated earlier, the cutting parameters of the cutting apparatus are dependent on 
the location of the sample in the beam profile (Figure 8). Ideally the beam waist of 
the laser is focused exactly on the surface of graphene. When the sample is at the 
beam waist the incident intensity on the graphene is maximized. This localizes the 
heat on the graphene to the smallest possible area of the graphene and the substrate 
below. The heat is quickly dissipated by both the graphene and the metal backgate 
below. The cutting of the graphene without the cutting of the backgate is a 
requirement of the experiment and the cutting of both the graphene and the 
backgate is a thermal process. Thus focusing the incident radiation intensity 
minimizes the effective heated area and maximizes the temperature of the 
graphene. This allows for the minimum required laser power to achieve laser 
ablation of graphene. With lower incident laser power the backgate is less likely to 
be cut. Thus the placement of the sample to the z position of the beam waist is 
critical to achieving the goal of the project; namely, the ablation of the graphene 
without damaging the substrate.  
 
  
 
Figure 10 The beam waist of a Gaussian beam passed through a lens. Relevant 
parameters are labeled. 
The beam profile of a Gaussian laser beam has a functional form, which is shown in 
figure 10 and is given by the equation  
𝜔 = 𝜔𝑜√1 +
𝑧
𝑧𝑜
 
ω is the Gaussian beam radius. 86% of a beam’s power is carried within a radius ρ= 
ω(z), and 99% is contained within 1.5 ω(z). ωo represents the minimum beam 
radius and 2ωo is the beam waist. The beam slowly increases in diameter as z 
diverges from zero. At a point zo the beam has a radius of √2 ωo. This range, from -zo 
to zo, is known as the Rayleigh range. It is best when the sample is exactly at the 
beam waist, but it is acceptable to have the sample inside the Rayleigh range, where 
the intensity is greater than half the peak intensity. Outside the Rayleigh range, the 
profile of the beam can be approximated as a cone of light. The functional form of 
the beam radius outside the Rayleigh range can be approximated as  
𝜔 ≈  
𝜔𝑜
𝑧𝑜
𝑧 ≈ .5Θ𝑧 
for z>>zo. This formula defines Θ, the beam divergence. Outside the Rayleigh range 
the intensity falls off as 
1
𝑧2
. The Rayleigh range and the beam divergence can be seen 
in figure 10. From this a theoretical limit on the smallest possible waist radius 
achievable by a collimated light passing through a lens can be derived. The 
functional form of the beam radius limit is given by  
𝜔𝑜 =
2𝜆
𝜋Θ
 
 
The equation above demonstrates that the beam waist is limited by the wavelength 
of light chosen, and also by the angle of divergence created by the lens. In our 
experiment, the lens used is a Thorlabs C671TME-405. The divergence angle of the 
lens is 49.6° when using 405nm light. This yields a theoretical beam waist of  
~200nm, however many factors can greatly increase this number in the 
experimental setup, such as the laser beam not having perfect collimation and 
aberrations on the lens. The theoretical Rayleigh range is 625nm with this beam 
waist. 
Autofocus Device 
Because the placement of the sample at the beam waist is of upmost importance, a 
device was designed to adjust the position of the sample in the beam profile as it 
moved by the stages during cutting. In figure 8A, a dashed green box highlights the 
autofocus device.  
The polarizing beam splitter and λ/4 wave plate serves two purposes; they 
act as an isolator to stop back reflections from entering the laser diode and to supply 
reflected light to the autofocus and imaging elements. Back reflections are any light 
reflected by an element in the setup (including the sample), which travel back into 
the gain medium. If reflected light enters the gain medium it will be amplified and 
re-emitted. For low-level back reflections, this is not a serious issue and only 
destabilizes the laser power. However, if larger intensity back reflections occur, then 
the energy stored inside the gain medium can become too high and cause the diode 
to burn out. The beam splitter, instead of transmitting the reflected light from the 
reflective modulator sample, reflects it, sending it towards the autofocus and 
imaging apparatuses.  
The isolator is able to accomplish this by using light polarization. This 
principle is demonstrated in figure 11. The light from the laser originally has an 
ambiguous phase state. The light passes through the polarizing beam splitter. Only 
vertically plane-polarized light is transmitted. The light then passes through a λ/4 
wave plate, which circularly polarizes the light giving it right-handedness. The Light 
passes through the lens and hits the reflective surface of the modulator. When the 
light reflects, it reverses the handedness. The light now has left handed circular 
polarization. When the light passes back through the λ/4 wave plate, it becomes 
plane polarized, but not it has the opposite polarization. The reflected light is now 
horizontally polarized. The beam splitter only transmits vertically polarized light, 
and thus the returning light is instead reflected by the polarizing beam splitter and 
sent towards the autofocusing and imaging elements. 
 
Figure 11 Operational principles of the isolator. The polarizing beam splitter and 
λ/4 break the symmetry of the incident and reflected beam, allowing the reflected 
light to be sent off to the imaging and autofocus elements. 
The autofocus device uses the light, which was reflected off the sample, to 
center the sample in the beam waist. Two beam profiles will be discussed in this 
section. The lens in front of the sample creates one profile that focuses the beam 
intensity of the laser for cutting. This beam profile will be referred to as the cutting 
profile. The other beam profile is created by the lens in the autofocusing device, and 
will be referred to as the autofocusing profile. Both of these lenses can be seen in 
figure 8. The focusing profile is split into two beams after the lens. Each beam is sent 
into a separate photodiode, each at different lengths from the autofocus lens. 
Photodiode A is very close to the lens and photodiode B is much further from the 
lens. The autofocusing device uses the difference in distance traveled by the beam 
after the lens to provide information about where the sample is in the beam profile. 
This principle is displayed in figure 12 below.  
 
Figure 12 Diagram of the autofocusing device, the two detectors are separated by an 
equal distance from the focal length of the lens. The reflected light from the sample 
provides information about the position of the sample. When the sample is at the 
beam waist the reflected light is collimated and the intensity of light on both 
detectors is equal. When the sample is too close to the lens then the beam is 
divergent, and the intensity of light on the further diode is greater. When the sample 
is too far from the lens the reflected light is convergent, and the intensity of light on 
the closer diode is greater. 
When the sample is at the beam waist, the photodiodes see an equal amount 
of intensity (and power). The top of figure 12 represents this instance. When the 
sample is at the beam waist, the reflected light will be perfectly collimated when it 
passes back through the cutting lens. This light passes through the autofocus lens 
and creates the autofocusing profile, with a beam waist at the focal length of the 
lens. The photodiodes in this case are an equal distance from the beam waist, and 
thus have equal intensity light incident on the detectors. The current outputted from 
each diode is then equal.  
When the sample is in front the beam waist (and too close to the lens), the 
reflected light does not become collimated when it passes back through the lens; 
instead, the light is divergent. The beam waist from the autofocussing lens is now 
pushed farther back and closer to photodiode B. The intensity of light incident on 
photodiode B is now greater than the intensity incident on A, and the current output 
from B is greater than A.  
When the sample is behind the beam waist, the reflected light becomes 
convergent. When the convergent light passes through the autofocusing lens, the 
beam waist is now moved closer to photodiode A. Thus the current produced by 
photodiode A will be greater than the current produced by photodiode B.  
  Figure 13 Autofocusing circuit. There are four separate op-amp stages. Image 
created by REU student John Roberts. 
The autofocusing circuit (shown in figure 13) uses the difference in the 
currents from the photodiodes to adjust the distance between the lens and the 
sample to keep the sample near the beam waist. The input of the autofocus circuit 
collects the difference in the currents of the two diodes. The circuit creates a signal 
(the correction signal), which then drives a piezo controller. The piezo controller is 
connected to a lead-zirconate-titanate (PZT) ceramic stack. PZTs demonstrate the 
piezoelectric effect, which is a tiny increase in the width of the crystal with the 
application of an electric field. The PZT used in this experiment has a travel of 4.6μm 
over 150V. The piezo controller has a resolution of 0.1 V. This yields a displacement 
resolution of about 3nm per 0.1V. This allows the distance between the lens and the 
sample to be controlled with great precision. The autofocus circuit creates a 
feedback signal, which adjusts the piezo controller voltage. This voltage adjusts the 
distance between the lens and the sample. This allows for the sample to remain in 
the beam waist while the sample is being moved for the purpose of cutting.  
The autofocus circuit uses a series of four op-amps to convert the difference 
in current from the photodiodes into the correction signal, which increases or 
decreases in voltage until the sample is at the beam waist. As discussed earlier, 
when the sample is not at the beam waist, the current from the two photodiodes is 
not equal.  
The first op-amp acts as a transimpedance amplifier. The two diodes are 
connected in parallel from ground to the input of the first op-amp. One diode is 
connected with anode to ground and the other diode is connected with cathode to 
ground. By Kirchhoff’s current law, the difference in current between the two diodes 
flows towards the input of the first operational amplifier (op-amp). This op-amp is a 
transimpedance amplifier, which converts current to voltage. The op-amp has high 
input impedance (~106Ω), so current flows over the negative feedback resistor to 
cancel the current arising from the photodiodes. The current flowing over the 
feedback resistor gives the output of the first op-amp a voltage Vout = -IDR. Therefore 
the gain of this stage is G=Vout/ID=-Rf. The output voltage of the first op-amp is 
directly proportional to the displacement of the stage from the beam waist over a 
large range of voltage values, as shown in figure 14. This voltage is the error signal, 
which is zero when the sample is at the beam waist (when the autofocus is properly 
calibrated). This signal is fed to the second op-amp and also to an oscilloscope for 
viewing.  
The second op-amp serves to attenuate the overall gain of the autofocusing 
circuit. The potentiometer at the input of the second op-amp serves to attenuate the 
voltage at the op-amp’s input. The second op-amp takes the voltage from the 
potentiometer, and inverts the signal with no gain, because the negative feedback 
loop does not have a resistor. 
The third op-amp is an integrator. The feedback loop has a resistor in series 
with capacitor. This loop has an effective resistance of √𝑅2 +
1
𝜔2𝐶2
, where ω here 
denotes angular frequency of the signal. Thus the grain of this stage is the feedback 
loop resistance over the resistance of resistor between op-amp 2 and 3, 
𝐺 =
√𝑅2+
1
𝜔2𝐶2
𝑅𝑖𝑛
, where Rin in this case is 1.1KΩ and R2 is the adjustable resistor. Thus 
as the as ω approaches zero the gain of the integrator increases. This causes the 
correction signal to continue to increase in magnitude (which pushes the lens) until 
the error signal is zero.  
The last op-amp serves simply to DC bias the correction signal, so that the 
voltage of the correction signal remains at a DC value not equal to zero when the 
error signal falls to zero. This keeps the piezo set at some voltage when the error 
signal is locked to zero. 
 Figure 14 Plot of the error signal verses beam waist. The points fit are in the range 
where the error signal is proportional to z (-0.8 to 0.2). To the right one diode has 
lost most of the light, and the signal stops being proportional the displacement from 
the beam waist. To the far right both diodes are now losing light because sample is 
so far from beam waist. This set of data was taken before the autofocus was 
calibrated. 
Imaging 
Imaging is a very important aspect of the experimental setup, which allows images 
of the modulator samples to be made for determining where to cut, and examining 
the effects after cutting. The reflected light from the sample is used to produce the 
images of the modulator sample. The intensity of reflected light dims and brightens 
as the sample is moved and the laser reflects off different parts. A measure of the 
brightness of the reflected light gives a measure of the reflectivity of the sample at 
the point where the laser is. When this measurement is combined with a relative x 
and y position of the actuators moving the stage, this creates a pixel. When many of 
these pixels are combined, they form an image. 
One aspect of forming the image is measuring the intensity of the reflected 
light and importing this information into the computer. The reflected light travels 
through a beam splitter before the autofocusing lens, which reflects about 3% of the 
light towards the imaging apparatus (imaging apparatus shown in blue box in figure 
8). The imaging detector outputs a voltage that is proportional the intensity of light 
incident on the detector. The voltage is then sent to a microcontroller, which has an 
ADC input. The ADC converts the voltage to a number of counts, which is 
proportional to the voltage. The ADC acquires these data points at set number of 
times per second, which is known as the sampling rate. The sample rate can be set 
to 16 different values, ranging  from 1.66sps(samples/sec) to 109.1ksps. These 
discrete data points are read off of the microcontroller by a computer, which uses a 
program to give each point an associated x and y value to form a pixel. This process 
is discussed in the following paragraphs.  
The x and y coordinates of each pixel a calculated by a program, and assigned 
to each ADC value to form a pixel. The process begins with calculating the pixel size. 
The pixel size is calculated by dividing the sample rate by the speed at which the 
stage is moving the sample (the scanning speed). After the initial actuator positions 
are read out, the x actuator moves the length of the image, and the ADC samples for 
this distance. This creates the first hexadecimal array, which is converted to a 
floating decimal point array. The array index of the ADC data point is then 
multiplied by the pixel size and added to the initial x position to give each point an 
x-position value. The same y value is assigned to the entire array, which for the first 
row is the initial y read off from the y actuator. The y actuator moves the distance of 
one pixel size, and then the x actuator moves back the length of the image. For this 
array, the array index times the pixel size is subtracted from the initial x value plus 
the length of the scan to determine a pixel’s x value. The y value of all points in the 
array is determined by adding the initial y value with the row number multiplied by 
the pixel size. This is one cycle, and this process of zigzagging across the sample is 
repeated until the y actuator moves the height of the image being made. This 
process is shown in figure 15.  
 
Figure 15 zigzag scanning pattern taken over sample to image. The image also 
includes an ideal area for test cutting and the cutting path desired for cutting out a 
modulator.  
Calibrating Scan Coordinates 
There was great care given to calculating the correct x and y coordinates for each 
pixel, and these steps are outlined below. The correct absolute x-y coordinates are 
very important for cutting (so that the laser can be positioned correctly before 
cutting). The relative coordinates between rows are important to align the rows to 
give a clear image (as seen in figures 16 and 17). 
The constant sampling rate requires the scan speed to remain constant for 
the distance between acquired ADC values to remain constant. The x stage is 
originally at rest and must accelerate to the scanning speed. If scanning was 
commenced at the beginning of movement, the stage would be moving slower than 
the scan speed at the beginning, and the first ADC samples would have been 
acquired from light reflecting off two points on the sample closer together than the 
pixel spacing, but the program would assign them equal spacing. To overcome this 
both the acceleration rate of the stage and the maximum jerk value are used to 
calculate the distance and time needed (referred to as kinematic time delay) for the 
stage to reach scanning speed. The stage then backs up this distance. From here the 
stage begins moving and the sampling begins after waiting a set time delay, which is 
the combination of the kinematic time delay and computing time delay. The 
computing delay is discussed below.  
There is an inherent time delay between the start of the ADC sampling and 
the movement of the x stage, which causes strait edges to zigzag. This effect can be 
seen in figure 11. This is caused by the ADC sampling starting before the stage has 
fully accelerated to the scan speed and back to the starting position of the scan. The 
pixels of the odd rows then start at an x position before the even row above end, but 
the rows are assigned the same x values. This causes features in the odd rows to be 
slightly to the right of where they should be (and vise verse in even rows). This 
phenomenon originates in an inherent time needed for the stages to begin moving 
once the command has been sent from the computer. Adding an additional timing 
delay (the computing timing delay) to the kinematic time delay, compensates for 
this. This delay compensates for the delay between the start of the stage movement 
and the start of the microcontroller sampling. 
 
figure 16 Scan with an incorrect time delay. The first row puts the vertical lines too 
far to the left, and the second row puts the lines too far to the right. This is solved by 
beginning ADC sampling slightly later. 
When the timing delay is accurate, then the image has well aligned features 
such as the image in figure 17. The computing timing delay is slightly dependent on 
the length of the image (<5%) and greatly dependent on the scanning speed. 
Therefore the computing timing delay is calculated for different speeds and scan 
lengths to give a well calibrated image.  
 
 
Figure 17 Image that has correct time delay. The vertical lines in each row match up. 
With these corrections the resolution of the images is still limited by a 
random timing jitter associated in the synchronization of stage movement and ADC 
sampling. This can be seen in the image 18 below. To produce these images, y stage 
movement was disabled, so that the same part of the sample was scanned 
repeatedly. Secondly data was only collected while the x-stage was moving from 
right to left in the image, and not on the way back. The plots are effectively one line 
in a scan repeated multiple times. If there was no timing jitter, regardless of whether 
the x positions are correct, the images should be vertically uniform. The timing jitter 
is an uncertainty in synchronicity of the x stage and the ADC. The product of the 
timing jitter and the pixel size gives the uncertainty in position resolution of a scan 
due to timing jitter. This is demonstrated in figure 18, where a fourfold decrease in 
speed produces close to a fourfold increase in position resolution. 
 
Figure 18 The timing jitter for two different scan speeds, 2.0mm/s and 0.5mm/s. 
The resolution in the edge is a little less than times better in the second image. 
The absolute coordinates of pixels are checked so that laser ablation occurs 
in the correct places on the sample. As described earlier the laser is capable of 
cutting the metal backgate of a modulator sample. This conveniently provides a way 
of determining where the laser has cut. This process begins by taking an initial scan 
of a sample. An area of unimportance is determined, and four desired coordinates 
for a square are picked. The laser then cuts a square, and another scan is made. The 
actual coordinates of the square are determined and compared with the desired 
coordinates of the square. The first calibrations of the x-y coordinates found a 6% 
systematic error in the x coordinates. The cause of this source of error was found to 
be an error in the sampling rates. The ADC was allowed to sample for 24 hours. The 
number of samples acquired in this time was divided by the time passed to 
determine accurately the sampling rates. Once the sampling rates were measured 
the error in the x-y coordinates fell below 1%. The scans are sufficiently accurate for 
cutting. 
 Autofocus calibration 
Using the autofocus and imaging apparatuses, the position of the sample in the beam 
profile can be calibrated using beam diameter measurements. The process begins by 
measuring the beam diameter at different error signal values. The error signal is set 
to a value a starting value (~400mV), and the beam diameter is measured by 
conducting a knife-edge measurement. The principles behind this measurement are 
described in the next paragraph. The error signal is then adjusted to the next set 
value, and the beam waist is measured again. This is repeated a number of times 
until an adequate data set is collected. The data set is fit with a modified version of 
beam profile equation, which substitutes z for z-zoffset. One of these plots is shown in 
figure 14.  
From the fit, the error signal corresponding to the sample being in the beam 
waist is given by zoffset. The mirror in the autofocus setup is then adjusted to make 
the path of light sent to photodiode B longer or shorter, until the error signal reads 
zero. The beam diameter measurements are then repeated to check the 
calibration(Figure 19). 
 
Figure 19 Plot of beam waist verses error signal after calibration. 0mV corresponds 
almost exactly to beam waist. This can be seen by zoffset almost being zero. 
The knife-edge measurement is used to measure the beam diameter of the 
laser at the surface of the sample. The 405nm laser has a transverse intensity profile 
that is well approximated with a Gaussian function. The indefinite integral of a 
Gaussian function is a function known as the error function.  A sample with a 
transition from translucent(glass) to reflective(aluminum) is used. The imaging 
apparatus takes a one line scan of this boundary. The imaging detector measures the 
power of light incident on the detector, which is the integral of the intensity. The 
beam starts completely on the transparent surface and scans until the beam is 
completely over the reflective portion. When the beam is entirely over the 
transparent portion, none of the beam is reflected and the imaging apparatus is 
measuring the integral of none of the Gaussian intensity distribution. As part of the 
beam is reflected the imaging detector measures the integral of a portion of the 
profile. The stage continues moving till the entire beam is over the reflective 
portion, and the imaging detector is integrating entire beam’s entire intensity 
profile. The resulting scan is a plot of the integral of a Gaussian curve as a function of 
x, which is the error function. One of these plots is shown below in figure 20. The 
scan is fitted with an error function, and from the fit the parameter ωo, the beam 
radius, is calculated. Figure 20 shows the fitted curve of a knife-edge scan at the 
beam waist, with the beam diameter printed in the corner. These beam radii are 
used to make a plot such as Figure 19. 
 Figure 20 The knifeedge of the laser at the beam waist. The error function is fit to the 
data and shown in green. This gives a beam radius of 770nm. 
Cutting  
With the autofocus and imaging properly calibrated the process of cutting graphene 
can begin. There are two variables that must be tested for cutting, the speed at 
which the sample is moved (the cutting speed), and the laser power needed to cut 
graphene (the cutting power). Once the cutting speed and cutting power are 
determined, then graphene modulators can be cut. Below the method of 
determining these settings are described. 
Cutting speed and Power 
Test cuts are made to determine the optimum parameters for cutting. On the 
modulators samples there is a large sheet of graphene that is laid over all the 
modulators, which is conductive across the entire sample. The graphene 
surrounding the modulators makes a suitable area for test cutting, because this 
graphene modulates it’s absorbance to light the same as the graphene surrounded 
by the top electrode. This area is highlighted in green in figure 15. The area being 
used for test cutting is first scanned so that coordinates for test cuts can be 
determined. To test if the laser is cutting the graphene, a closed loop is cut on the 
sample. A closed loop is chosen because this is the easiest way to determine if the 
laser has cut the graphene. The geometry of the closed loop was chosen to be a 
square. Multiple test cuts are made at various cut speeds and cut powers. A post-cut 
scan is then made, mainly to inspect if the laser has cut the backgate. The sample is 
then taken to the modulation depth measurement apparatus. A modulation depth 
scan of the sample is made, completing one cycle of test cutting. A series of these 
three scans can be seen in figure 21 below. 
  
 Image 21 Al scans before cutting, after cutting and modulation depth. The first area 
shows an area, which can be used for test cutting. The second scan shows the area 
after cutting. The purple squares represent where the backgate has been cut. The 
third scan is modulation depth. There are three successful squares that cut the 
graphene (turning the square black), without cutting the backgate.  
Determining if the graphene is cut is a simple process with the modulation 
scans. When graphene is cut, then the area inside the loop will not modulate the 
reflectivity of the sample. This will cause the modulation depth of the graphene 
inside the loop to be zero, which makes the square appear black on the modulation 
scan (as seen above). The post-cut scan is used to determine if the backgate has 
been cut (blue-edged squares in second scan in figure 21). When a suitable speed 
and intensity have been determined, then the process can proceed to cutting out the 
modulators themselves. 
Results 
Significant results were collected for test cutting. A range of suitable speeds and 
laser powers were determined for modulators made with gold and aluminum 
backgates.  However time did not permit the cutting out of modulators.  Below 
results of cutting graphene on gold and aluminum are discussed. 
Cutting on Aluminum 
The test cuts on aluminum resulted in a range of cutting speeds and cutting powers 
that cut graphene without cutting the backgate. Below in figure 22 are the post-cut 
scan and the modulation scan of test cuts on the aluminum backgate sample. 
 
 Figure 22 The results in figure 22 show both successful and unsuccessful test cut 
parameters. These plots provide data on two effects of interest; the threshold power 
for cutting the backgate, and the power at which graphene is ablated. 
The threshold for cutting the backgate was determined to be 120mA of laser 
driving current, regardless of speed.  A cut backgate can be identified by a decrease 
in reflectance of the sample along the boundary of a square, which makes the outline 
appear purple in the post-cut scan. The squares towards the bottom of the post-cut 
scan show damage to the backgate. Partial cutting of the backgate occurred at 
120mA. At130mA and above the backgate was completely cut. Cutting of the 
backgate is independent of scan speed for speeds relevant to cutting graphene. 
Partial cutting of the backgate with 120mA was observed at 50μm/s, 5μm/s, and 
2μm/s. At 115mA, backgate cutting gave consistent results, except for three outliers. 
The backgate was very sporadically cut five times at 4μm/s and six times at 2μm/s. 
115mA did not cut the backgate three times, once at 4μm/s and twice at 2μm/s.  At 
110mA, the back gate was not cut seventeen times and cut five times. The backgate 
was not cut at 2μm/s thirteen times, at 5μm/s two times, once at 10μm/s, and once 
25μm/s. The backgate was cut at 110mA four times at 2μm/s, and once at 4μm/s. 
115mA is the threshold for cutting the back aluminum backgate sample. 
There were nine test squares that cut the graphene along the entire border 
without cutting the backgate on the aluminum sample. One square was cut at 
105mA and 2μm/s with 10 loops. Another square was cut at 115mA at 2μm/s with 
1 loop. The seven successful squares were all cut at 110mA at 2μm/s: one was cut 
with one loop, four were cut with five loops, and two were cut with ten loops. There 
were, however, squares cut at 110mA and 2μm/s that cut the graphene, but not 
along the entire boundary of the square.  In total there were seven of these squares: 
four were cut with 1 loop, 1 with 5 loops, and two with 10 loops. 
Combining these results there the optimum cutting parameters for cutting 
graphene on the aluminum backgate were determined. The cut speed is the less 
important parameter, but the speed with the best results is 2μm/s. Cutting power is 
the more important parameter, which is optimum at 110mA. At this cut speed and 
power the path should be traced over 5 times. 
 
Cutting on Gold 
The same process described above was used to determine the optimum cut 
parameters for graphene on gold. The first round of test cutting did yield one test 
square that cut graphene that did not cut the backgate. Below in image 23 are the 
post-cut scan and modulation scan of the first round of test squares. 
 
 
Figure 23 First round of test squares with graphene on gold backgate. One 
successful square is in the second column from the right third row up. 
 The first round on gold ran I wide range of powers, but only one laser power 
was found to be successful. The successful square was cut with one loop at 2μm/s at 
180mA laser power. This is the same speed as was successful on the aluminum 
backgate. But the laser power is considerably higher then the successful squares on 
aluminum. It was believed before cutting that gold should have a lower backgate 
cutting threshold than aluminum because aluminum is much more reflective at 
405nm than gold. But the threshold for partial cutting of the backgate seems to be 
just above 200mA at 2μm/s from this round of squares.  
 
  
Figure 23 The post-cut scan and modulation of the second round of test squares in 
graphene on gold. In the second row, the right three squares are all successful. 
 Another round of squares was cut on gold and the results are shown in figure 
23. This round focused on the powers around 180mA. 
 The results from the second round of squares on gold were promising. The 
second row has three back squares on the right, while the backgate in the post-cut 
scan appears not to be cut. The cut parameters for the three successful squares are 
190mA, 195mA, and 200mA cut powers with one loop at 2μm/s. These powers are 
higher than the successful square in the first round. The autofocus was recalibrated 
between the two rounds, which means the sample was at a different z value in the 
beam waist in each of the two rounds. The higher threshold powers in the second  
round mean that the beam was farther from the focus in the second round 
compared to the first. The threshold for partial cutting of the backgate in the second 
round seemed to be around 205mA at 2μm/s as compared with 200mA in the first 
round. There was considerable partial cutting of graphene at 185mA with one loop 
with minimal damage seen in the post-cut scan. This leads the experimenter to 
conclude that the best cutting parameters for gold is 5 loops at 2μm/s scan speed 
with 185mA cutting power. 
Conclusion and Outlook 
The goal of the experiment, which was to cut graphene without cutting the backgate, 
was accomplished on both gold and aluminum backgate modulators. After 
completing test cuts, the optimum cutting parameters for aluminum and gold 
backgates were determined. The optimum cut parameters for aluminum were found 
to be 110mA at 2μm/s with 5 loops. The optimum cut parameters for gold are 
believed to be 185mA at 2μm/s, but the number of loops still needs to be 
determined. It seems that 5 loops are the best for cutting. Speed has the least 
amount of affect out of the cutting parameters. It does not appear to affect the 
backgate cutting threshold, but 2μm/s does appear to have the best success rates for 
cutting graphene. 
It was unexpected that the gold backgate has a higher partial cutting 
threshold then aluminum. The reflectivity of aluminum at 405nm is 90%, while the 
reflectivity of gold at 405nm is 33%. This implies that gold absorbs much more laser 
light than aluminum while cutting, which heats gold more than aluminum. But this 
did not correlate to a lower partial cutting threshold. With both backgates though, 
the graphene cutting threshold is only slightly under the partial backgate cutting 
threshold, which leaves little headroom to increase the power. The partial cutting 
threshold for aluminum was found to be 115mA, and the partial cutting threshold 
for gold was found to be 205mA. 
The difference in reflectance between gold and aluminum did however result 
in a higher graphene cutting threshold on gold. This is due to the reflected light also 
imparting energy into the graphene on the sample. The reflected light was about 
three times more intense with aluminum compared to gold, which accounts for the 
higher graphene cutting threshold on gold. 
 The test cutting shows that the best results for both backgates are 
accomplished when multiple loops are used. The optimum number of loops seems 
to be 5 loops. . Increasing the loops past 5 does not appear to improve the 
probability of cutting graphene without also increasing the likelihood cutting the 
backgate.  
 The next thing to do with the experiment is to actually cut out a modulator 
with the laser. To do this first the rolloff frequency of the graphene before cutting 
needs to be determined. Once this is done, then the modulator needs to be cut out as 
close to the topgate as possible, to reduce the modulator’s RC value. Then the new 
rolloff frequency after laser cutting can be determined and compared with 
modulators of the same size etched with oxygen plasma. And most importantly the 
modulators should be used in mode-looked lasers, to determine if laser cut 
modulators decreases the phase noise of these lasers more than modulators etched 
with oxygen plasma. Then the benefits of laser ablation could then be fully 
evaluated, but there simply was not time to complete all of this. 
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